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COMPUTER STSULATIION STURIES

OF THE VENOUS CIRCULATIOR

M. F. Snyder and V. C. Rideout
University of Wisconsin

Abstract

An analog computer wodel of the human cardiovascular system has been set
up in which detailed attention is given to the representation of pressure~-flow
avents in the vetns, including sffects of gravity, collapse, breathing, and
venous valvea. This model, with its only control locp including one for heart
rate control, was chacked against human venous pressure waveforms and also
response of the human to tilt-table experiments s upci:ed in che literature.
These comparisons indicate that the model ghould be valid far study of postu-
lated vencus tone control charac:ériasica. and should be useful in the study
of the nechanisms of venous return znd cirsulatory aystes response during un-

ususl G~force conditions.
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COMPUTER SIMULATION STUDIES

OF THE VENOQUS CIRCULATION

M, ¥. 8nyder and V, C. Rideout
University of Wisconsin

I, INT 10N

Ths pressure and flcw of blood in aystmeic veins 1? of interest to
vesearch workers and clinicians concerm2a with such diverse problems ae
the changes im venous return which accompany hesr: failure, and the
8iificulties encountered by acs:ronaute during flights fovolving alte:-
nece periods of high-g and gaero-g conditions [1]. Because of the com-
plaxity of the venous system, the mechanisms pos:ulsted te explain its
sc:ion may best ba studisd with the aild <f computer simulstioos.

The spproach sdopted in the vencuz wmodeling studies made at Wiscﬁnsin

#ni at the NASA-Ames Lsboratorisz has thz following features:

(a) A pulsatile model .& developed for the entire fluild-mechanical
eardiovasculer svstem, wich most of the detailed emphasis being
given to the systemic vencus porticn of this system.

(b) The model 4s based on a lumped-constant segmental approximation
to the distributed ¢ystem being mcdeled, following an approach
used dy others [2, 3,4] end by these authors in arterial
modaling [5).

(c) The venous system portion of the model includes, in additicn to

the effects of resistance, inertance and compliance, the effects
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ef collapss, venous valves, gravitations! forces, and changes

in transmursl prazsure due to reapirstior and muscle contractions.

Note that the importent venemotor tone ¢ffscts have not been rmentioned as yet,

The control loops which result in coantrol of venocus volume can be added to
this model, and indeed, the use ¢f the model to study such control mechanisms

is viewed as one of its priancipal fufure applications.

IX. METHODS

The basic fluid-mechanical modsi used In this study {8 shown in

edrcuit form in Pig. 1. This model conaists of four primcipal parts.

1. The heart, which is represeated by time-verying compliances znd
near-ideal valvas, 7This psst of the modsl does contain one
element ~~ atrisgl pumping ~— which f{s mst wsually dneluded in
such simple heart simulations, but which {2 included here because
of {ts importance in systeric wencus flsw.

2.

The pulmonary svatam, which is rstnsr simply represented, with
inertial effects baing naglected. Parsmetsr valueas are base! on

earlier studies {6, 71.

The systemic arteriel system, which was zlso designed a5 &
3

simplified version of an sarlier wodel [3]. Pulse shapes (e.g.

the dicrotic notch) &re nct perticularly realistice in this model,

but it was felt that this was nct i{importent in the venous studies.

The venous gystemic circuit, which was rather detailed, including
five parallel paths (head snd uarms, coronaries, upper ghdomen,
lower abdomen and legs), and the variousz special venous features

such as collapse, ete,, mentioned in the iatroduction. These are
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features vhich are rot nccded in the arterial systen widch to
date has receilved most of the computer modeling eifort,

"t should be explained at this point that the analog computer equip-
nent ~va:lable to the authors as this paper was written was Jimited to
192 oper:itional amplifiers, and the detail with which the parts of the
system were represented was a kind of compromise based on what was felt
:0 te most important tc the cobjectives of the study.

Various important effects in velns (such as collapse, valve action
anc gravitational effects) which are not important in arteries had to be

ircluded In the model. These will be discussed separately.

(&) Vencus Collapse

Venots collapse will be assumed to occur whensver the volumc®* q of a
segment (cf length L) hecomes less than the unstressed wolume Q. The

veins will be assumed to be ~ircular in cross-section, with radius r=X at

zero static transmural pressure, {.e.,

g = szL

For q > Q the veins will be asszumed tc have a constant complicace,
as is olten assumed for arteries, using values obtained from the literature
‘8, 91 For q < Q the compliance will be assumed to be 20 tires precter,
or the slope of the pressure-volume curve will be 20 tlmes less (sce Fig. 2).

“his small value of slope is chosen rather than zero slope, to allow for

zome wall stiffness and effects of tethering.

o ——

kQuantities designated by lowercasz letters are variables, i.e. q-q(c).
ani those by uppercase letters are constants, A glossary of syrbols is

given in App. T of this paper.
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In order to determine the dynamic pressure-flow velatieonships the effects
corresjonding to ipertance and resistance to flow in the collapsed vein must
b determined. In calculating these cflects the assumption that durinn col-
lapse the cross-section of the vein is elliptical with unchanging circuwference
w 11 be used. The pressure-velocity relaticnship used in the veins is b.sed on
a simple form of the difference~differential equations derived [10] froa the
Novier-“tokes equations for incompressinle fluld flow in cylindrical tubes.
is gives, for the relationship between pressurs drop Ap amd axial velocity w

ir a sezment of a tube of constant radiis R and lenpth L, the equation

Ap = - yL-g} - 235 W (1)
: 272

wiere o i{s the density and j the viscosity of the {luld, and flow has velocity
w for 0<r<2R/3 and 18 zerc for r>2K;3 as shom in Fig. 3(a).
The steady-state average velocity In such a tube may be obtained frem (1),

o1 a slightly different (and more correct) value from Polseuwille's law,

Q?

—~ R A
W= - =2 2)
< 8u L (2.

This may be compared with the value for an elliptical tube of senmi-niner
&7 d major axes x and y given by Berker 113,
22 A

v w—2X 2R (3)

. 2 . 2 2,r.2 2 : 2
Note that R™ is simply replaced by 2x'y /(x +y } in going from (2) to (3).
Trus 1t mcy be argued that, for the collapsing veln, the confficient of w in (1)

]

#hould be modified in the same way, visiding
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fhe elliptical cross-section (whichk will be used to represent the vein
Auriag collapse), by analogy with the result given by the difference techniques
vhich give Eq. 1, will b2 considered to have flow within an inner ellipse of
semi-axes 2x/3 and 2v/3 as shown in Fig. 3(b), if q<Q. For q=Q, x=y=R, and
Figs. 3{(a) and 3(b) will be identical.

The circumference cf the elliptical criis-section during cellapse is
aesumcc counstant and equal to the circumference of the unstressed volume.
kr approximetion to the circumference of an ellipse {is ZRJ{;E:;E)/Z. Using
this as a censtant value egual to 27mR, #ud using g=mxyL, the volume of an

¢liiptical segment, in Eq. (4) ylelds
Apn—:}[_.—«-

for 9 £ Q.

"

But we are concerned with {icw rather than velocity, and this is given
by
£ =gl (6)

for q's greater ox less than Q. Substituting (6) in (5) gives

" L’ 4 8 81qn2L6R2 .
Rl ) £ (1)
8>
er
[t EHI_LME. £1 dt (8)
90» 20q”

for < 0. For q 2 Q the cross-section is circular, and Eq. (8) bacomes
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which can Le derived by using r in place of R and g=7r"L in (1) and substitut-
ing (8) in (1).
These equations show the nonlinsar relationship between flow and pressure

as volume 44 in the coillapse. The iomclusion of such non-

llreprivlies in the venous inertances and resistances is indlcated in Fig. 1 by

the jine dravm through the ordinary symbel for these guantities. Collapsible

segmeats considered include the jugular vein, superior vena cava, thoracic vena

- a, abdominel vena cava and femoral vein.

Appreciable blood volume shifts

can ocCcul aven

1 § . 2= s nessd edAar ~ £3vy ‘ o
under normal earth gravity asz @ nan ¢ 428 position, and severe «if{ects
H
12 vccur with varying accelevation. Thus it {s esseatial that the pressures

In order not to produce a net pres-
uigtery leop, thosz efiects must be included in the ar-

te ies 25 well as in the veing. alibsugi resultant changes show up much more

gensratar, p_, which wust be included in seriles
5

~

with 2 gment is the hydrostaife pressure difference over the lengch of tha

it 2ivea by
s w aGpl ginl {103
B
e G is Ul rcceleration di= to wvarin graevity, n i3 the total of L's of
' ) r 9

poeleracion, P i8 blood density, L is szgment length and 8 is the anglsz

3ioween Ul axis of the segment ap 1 sorpenticular to the net dir

Wiy



Because most arteries and velns run side by side it was convenienz, in
simulating the total circulation, to chovse seguents of veins and arteries of

equal length and to assign equal pressure generators to each.

{c) Exterral Pressure Effects

Intrathoracic and abdominal pressure changes due to respiration, as well
as pressure changes due to contraction of wmuscles in the legs and elsewlers
say have ipportant effecis on wenous fliow, All such effects may be represented

in the same way in the model, based on the principle that the pressurc in a

veln or artery with respect rc atmosphsric pressure is the sum of the transmural

pressure and the external pressure. Such external pressures may ther-fors bhe
included in series with the cospliances in the lumped-circuit model.

v In the model shown in Fig. 1 intrathoracic pressure sources ?ITh zre in-
cluded in series with all of the compliances of vessels in the thoracic cavizy.
Although not shown in Fig. 1, zn intra-abdominal prossure source is iancluded
in the same manner. Both pressure sources zre 8 result of respirators action.
A graph of the time course of gI?h a3 ueed in the mcodel is shown in Fig, 4,
The intra-abdominal pressure source is equal to »?th/2.

Muscle pumping, which is most important in the legs, 18 included in thz

model through the action of a pressure generator Pm in series with th: com-

i

pliances of one venous and one arterial section, as shown in Fig. 1. Eozaus
muscle purping effects are imperfectly known, Pm was varied in the rodel by

hand mction of a potentiometer.

{d) Venous Valves

The effect of venous valves 1s to inhibit flow away from the heart in
veins. Although some valves in larger veins irn the extremities are quite

compatent, the paralleling of paths ir the vencus system i{n this model is
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such that valves must be simulated =5 being somewhat less than ruerroctly
competent, This 1s achieved by use of configurations using tvo J. s and

twe resistors as shown in the leg veins in the model of Fig. 1.

(e) Venous Tone Changes

Chenges in venomoter tone were included in the model rather simply by
varying the unatressed volume(which is equivalent t> ghifting the pressure-
voelume curve of Fig. 2 right or left) of the twc leg venous segments LVE
and LS\ based on experiments by Alexander (8). Thig appears to be the most
igportant part of .th2 venous tone uechanism althcugh there are compliance
changes as well, which were nct inc}ude& in the podel. A wmore realistic
verous tope control would iuclude abdominal veins and velns of some sections
representiag skin and musele blood volume with arterial pre#sure as the con-
trolling factor. However, piesen: eqL ant limirations made necessary only

marual control of two leg vein segments.

IIT. RESLLTS

The differential and algebraic squations describing the pressures and
flows in Fig. 1 were determined and then programmed on an analog computer
after choosing appropriate scale factors for the variables. Table 1 shows
the valu:s for the resistances, compliances and inertances of Fig. 1. For
t§e collapsible venous segments, resistances and inertances aré given for
gero transaural pressure, and compliances are given for positive transmural
pressure, Time-variable resistances at the entrance of the superior aﬁd‘
infericr vena cava into the right atrium were included iIn the model [12].
Hearr ra = control was included in the nedel fcllcwing,the work of Katona
[12} and of Dick [14]. Heart rate control was the only feedback control

loep included; venomotar tone sas only manually controllable. .

g

O e




Tehle 1

nees

Resistances Complia
dyn ::fc!;z?
ml/sec ne
31 500! Ryq 600 Cy 4,000
Ry 88| Ry 3,000 € 1,200
Ry 535| R;; 8,000 ¢y 1,700
Fpa 10-30 | Ry, 80 Gy, 5,300
- 15| Ry 40 C: 2,360
Rg 15} Ray, 25 Ce 2,970
Ry 20| Rps 46,000 o 225
2g 120 | Ry 400 Co 150
Ry 20 | Rp- 15 o 75
Ryg 15| Rpg 7,000 C1p 73
11 15 | Ryq 509 Cyy 1,130
%1 40,0001 Rj;, 5,100 €.z 1,890
B3 66 | Ry, 350 i~ 4,540
R4 40| Ry, 700 Cy. 1,200
%is 40 | Ry; 15 Cye 187
Rig 9,000 | Ry, 20 Ciz 70
K7 600 | By 30 Ciy 150
Ry 9,000 {Ry; 5,400 €ie 150
far g9 =0
forq > @
resistance  inertance compliance
length radius dvues/cn?  dynes/en? nl &
abbr. collzpsible segment cm cm T nllsec - ml/scc? 8?nes?ﬁf3‘315
v Jugular Vein 18.. .7 5,73 .789 340
sV Superior Vena Cava 1.5 1.0 115 -012 56
Ive Thoracic Vena Cava 13, 1.5% .63 089 959
AVC Ahdoninal Vena Cava 15, 1.45 .83 164 1500
FEV Femoral Veln 48, .& 28.0 2.8z 750




Pulsatile ventricular volumes ant preassures together‘wiﬁh twe pressures
in the systemic veins ave shown iu Fig. 5. Effects of breathing ave included
in Fig. 5(b), which shows the considerable increase in veatricular pressures
and cardiac output during respiration. Superior and thoracic vena cava pres-
sure waveforms gre similar to normally cbserved waveforms {15, 16] except
that in the model the pressure descent following atrial centraction 1s not
as great as is normally observed in the hﬁman. Right atrial pressure in the
wodel is essentially equal to the superior vena cava pressure.

Figures 6 and 7 show the response of the model to a simulated tilt-up
from 0° to a 93"head‘up position, ccirespanding to a linear increase in
acceleration from zero-G to 1G in zbout 1.5 secconds {For location of the
recorded varisbles in the model, refer to Fig. 1). The recovery time after
tilting tack to a horizontal position is much shorter than the response to
tilit-up. This response would be expected because of the large stored volume
in the systemic veins avaiiable almost immediately to the héart when the
tilt is reduced back te zero. When the tilt-up is exelned recovery volumes
Bust pass through the large peripheral systemic resistance causing a longer
time tonsgant. The primary cause of the decreass of all arterial pressures
when G=1 in Fig. f is the reduction of cardiac output due to the shift of
blood late the lower parts of the body. Note in Fig. 7 the presence of
collepse when Gel in the jugular vein as indicated by a negative pressure.
The superior vena cava at this time was also collapsed. An approximate Ldea
of cardiac cutput can be obtained from Figs. 6 and 7 by noting the stroke
voelume 2nd heart rate, Peak heart rate was set at about 173 per minute with

the ninimum about 60 per minute.




The pressure changes obscrved in humans [17] are somewhat less drastic

than those observed in the model in Figs, & and 7, because of the compen-—
sating effects of breathing, venomotor tore and leg muscle contractions
on arterial preasures. Fig. 8 shows scme of the effects of the inclusion

of .these influences in the model, all of which tend to shift blood from the

lower to the upper vessels increasing the arterial pressures. Breath{ng,
for exampie, lowers the aversge pressure in tha thoracic vessels, therchy
causing a shifting of blood into thesz ve=ssels and an Increase in cardiac
output. A venous tone change simulated by a reduction of 40X in both the

unstressed volumes, Q, of segments LVE and LSV causes an immediate pressurs

rise in the cortesponding segments forcing blood into the upper vessels and

a corresponding rise in cardiac output. Leg muscle contractions, such as

had the effect of increasing pressures in the legs thereby forcing blood up-

;g% ' occur during walking were simulated in tha model by variation of Pa’ and alse
% ,
% ward toward the heart. In the model a magnitude of 90 mm Hg for Pm was
g

applied for a duraction of 2.5 seconds, rapeated approximately every 6 seconds.

This model was set up enrirely on an analog computer, and exhausted the

equipment available (on an AD-256 machine}. However, a digital computer
linked to the analog is available and will be used to model the additional
contvol loops which must now be incorporated into this model. An all-digital

simulation (using CSMP-360) was alsc tried, but found to be too slow for the

study of the long transients encountered in tilt-table experiments.

S IV. CONCLUSIONS
| An analog computer model of the cardlovascular system has been set up
which describes flﬁié—mechanical events in the venous syétem in considerable
detail. With heart rate control as the only fgedback control loop, tests of

'gﬁ this model indicate that it duplicates ebaﬁrvcd pulsatile waveforms quite




Ll ([TEHNeRS

iy

13

well, iad gives tilt-tabie response which agrees reasonably wcll with vhat
might oo éxpected in the human if vercmoter tone control were sb<ent
is foit that this model can now be uscd to compare various contral loagps poé- g %
tulat.l for venous tone control and make it possibleAto add a physiclogically
accurate loop for such control to the model., With this and other improvements,
studies of such things as the effects of unusual G forces on the human, and
effects of tilt-table experiments on individuals with circulatory abnormalities
eay be made by using the model in close collaboration with physiological

etudies on animals and clinical observaticns.
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) Apvendix 1

Table of Symbels

T TR,

- Length of a segment of vein

S 2
-~ Unstressed volume of a gesment of veln {circular cross sectior)y 0 ~ vR'L

it

Badius of eross-sectional area of unstressed volume

~ Time variable volume of a segment of vein

LB - I o I o
'

- Timc varyvine axial velocity

Lol
]

Average velocity im a eircular cress section tuhe

P
'

Average veloeity in an ellintical cross section tute
-~ Radius of cross-gectional area for g > 0
sy — Majer and minor semi-axes of (elliptical) cross-sectional aren for a < 3

Nensity of blood

- Viscosity of blood

o B od Moo~
t

:p =~ Lonritudinal pressure difference

These abbreviaticns refer to the “ollowing segments in the model.

ESY - ¥ -3 gmall veins
¥ ~ Jugular vein
=V - Surerier vena cava
L2, LoC - Upper and lowver carotid arterv
RA, LA - Right and left atrium '
EV, LV ~ Rirzht and left ventricle
FA, PC, PV - Pulmonery artery, carillaries and velins
ist ~ Ascerdinr aorta
TVE, Tha -~ Thoracic vena cava and aorta
€Sy, CSM - Celiac, superier mesenteric veir and artery
oLV ~ Portal vein
EEXY, BEN:A -~ Renal veln and artery
EVC, AbA -~ Abdominal vero cava and aorta
MV, THA = Inferior mesenteric veir and artery
1 ) FEV, FA ~ Feroral vein and artery
L5V, LEA ~ Lep small veins and arteries

¥

1VE, LCAP. LAR - Lep venules, carillaries ard arterioles
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Figure Captions

Fluid-mochanical representation of human closed-leop circulatory

system

Assumed pressure-volure curve for a collapsible vein

a} Flow in a circular cross=-scetfon tube

b) Flow in an elliptical cross—section tube

Time caurse’of intrathoracic pressure

ai Major variables in vighz and left heart and systemic veins
v;ih zervo intrathoracic pressure

b) Major variables iIn right and lefr heart and systemic velns
with intrathoracic pressure variations due to breathing

Transisnts of majlor arterial pressures with tilt {head up} for

the uncontrelled system

the uncontrolled system

{#
a
[
i)
]
V]
n
jonl
]
-
"3
i
(o]

Transients of major arterial and venous pre
effects of breathing, reduction of vnstressed volume § corves-

muscle contractions in
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